A comparative study of the organic acids and phenolics composition and of the total alkaloids content of entire wild edible mushrooms (Russula cyanoxantha, Amanita rubescens, Suillus granulatus and Boletus edulis) and correspondent caps and stipes was performed. All species presented oxalic, citric, malic and fumaric acids, with A. rubescens exhibiting the highest total organic acids content. Organic acids were preferably fixed in the cap. Among phenolics, only p-hydroxybenzoic acid was found in A. rubescens and S. granulatus, in very low amounts. B. edulis was the species that presented the highest total alkaloid amounts. Except for this species, alkaloids mainly accumulated in the cap. All of the species exhibited a concentration-dependent scavenging ability against DPPH Á . B. edulis revealed the highest antioxidant capacity. The cap seemed to be the part with highest antioxidant potential. Some relationships between chemical composition and antioxidant capacity were considered.
Introduction
Mushrooms have been used as food and food-flavouring material in soups and sauces for centuries, due to their unique and subtle flavour. The occurrence of high amounts of proteins, carbohydrates and fibres and low fat contents is often referred in the literature in relation to their nutritional value. Furthermore, they have significant levels of vitamins, namely thiamine, riboflavin, ascorbic acid and vitamin D2, as well as minerals (Mattila, Suonpaa, & Piironen, 2000) . Regarding their medicinal value, mushrooms are effective as antitumor, antibacterial, antiviral and haematological agents and in immunomodulating treatments (Wasser & Weis, 1999; Yang, Lin, & Mau, 2002 ).
Mushroom species have been shown to possess antioxidant capacity in in vitro systems (Ribeiro et al., 2006 , Ribeiro, Valentão, Baptista, Seabra, & Andrade, 2007 . Like other matrices containing antioxidant compounds, e.g. phenolics (Bendini et al., 2006; Quezada, Ascensio, Del Valle, Aguilera, & Gómez, 2004) , organic acids (Mato, Huidobro, Simal-Lozano, & Sancho, 2003) and alkaloids (Quezada et al., 2004) , mushrooms can be used both as a food supplement and in the pharmaceutical industry.
The Trás-os-Montes region (northeast of Portugal) is recognized as one of the richest regions of Europe in wild edible mushroom species, of considerable gastronomic relevance. Russula cyanoxantha, Amanita rubescens, Suillus granulatus and Boletus edulis are among the more common and eaten species.
A previous study on carboxylic and phenolic compounds and their antioxidant activity has been reported by Ribeiro et al. (2006) . In addition, the antimicrobial capacity of tetraprenylphenols isolated from S. granulatus is described in the literature (Tringali, Piattelli, Geraci, & Nicolosi, 1989) . However, these works were performed with the entire mushroom. Nothing seems to be reported for alkaloids determination.
The aim of this work was to perform a comparative study of the fundamental parts, cap and stipe, of R. cyanoxantha, A. rubescens, S. granulatus and B. edulis species.
Materials and methods

Standards and reagents
Oxalic, citric, ketoglutaric, malic, succinic, quinic, shikimic, fumaric and p-hydroxybenzoic acids, boldine, bismuth (III) nitrate pentahydrate and 1,1-diphenyl-2-picrylhydrazyl were purchased from Sigma (St. Louis, MO, USA). Methanol and nitric, hydrochloric, sulphuric, formic and glacial acetic acids were obtained from Merck (Darmstadt, Germany). Potassium iodide and sodium hydroxide were from Pronalab (Lisboa, Portugal). Thiourea and sodium sulphide x-hydrate were purchased from Panreac Quimica Sau (Barcelona, Spain). Iron(III) chloride was purchased from Riedel-de Haën (Seelze, Germany). The water was treated in a Milli-Q water purification system (Millipore, Bedford, MA, USA).
Samples
Samples of the four different wild edible mushrooms species were collected from orchards of Quercus pyrenaica or Pinus pinaster, in the Braganc ßa region (northeast Portugal) (Table 1) .
After harvesting, the mushrooms were immediately transferred to the laboratory. Taxonomic identification followed those done by several authors (Bas et al., 1990 (Bas et al., -2001 Bon, 1988; Courtecuisse, 1999; Courtecuisse and Duhem, 1995; Marchand, 1971; Moser, 1983) and representative voucher specimens were deposited at the herbarium of Escola Superior Agrária of Instituto Politécnico de Braganc ßa. Samples were dehydrated in a ventilated stove at 30°C, for 5 days, and then caps and stipes were separated. Entire mushrooms were also used for comparisons. The different materials were kept in the dark, in hermetically sealed bags prior to analysis. All materials were crushed and passed through a 910 lm screen.
Extraction of phenolics, organic acids and alkaloids
For the chemical characterization and for antioxidant activity assay, 10 g of each powdered sample were boiled in 500 ml of water for 30 min and then filtered through a Büchner funnel. The resulting extract was lyophilized in a Labconco 4.5 Freezone apparatus (Kansas City, MO, USA), at À45°C and 33 Â 10 À3 mbar, for 6 days. The lyophilized extracts were kept in an exsicator, in the dark.
HPLC analysis of organic acids
The lyophilized extract was redissolved in 0.01 N sulphuric acid and 20 ll were analyzed as previously reported (Ribeiro et al., 2006) , in a system consisting of an analytical HPLC unit (Gilson), in conjunction with a column heating device set at 30°C, with an ion exclusion column, Nucleogel Ò Ion 300 OA (300 Â 7.7 mm). Elution was carried out isocratically with sulphuric acid 0.01 N, at a solvent flow rate of 0.2 ml/min. The detection was performed with a UV detector set at 214 nm.
Organic acids quantification was achieved by the absorbance recorded in the chromatograms relative to external standards, and the peaks in the chromatograms were integrated using a default baseline construction technique.
Phenolic compounds screening tests
Lyophilized extract (0.25 g) were redissolved in 2 ml of water and 20% NaOH and 4.5% FeCl 3 were added to two aliquots of the resulting solution.
HPLC analysis of phenolics
For phenolic compounds analysis, the lyophilized extract was redissolved in water and 20 ll of the resulting solution were analyzed using an analytical HPLC unit (Gilson), with a Spherisorb ODS2 (25.0 Â 0.46 cm; 5 lm, particle size) column (Valentão et al., 2005a) . The solvent system was a mixture of water-formic acid (19:1) (A) and methanol (B). Elution was performed at a flow rate of 0.9 ml/min and the gradient was as follows: 5% B at 0 min, 15% B at 3 min, 25% B at 13 min, 30% B at 25 min, 35% B at 35 min, 45% B at 39 min, 45% B at 42 min, 50% B at 44 min, 55% B at 47 min, 70% B at 50 min, 75% B at 56 min and 80% B at 60 min. Detection was achieved with a Gilson diode array detector. Spectral data from all peaks were accumulated in the 200-400 nm range and the chromatograms were recorded at 280 nm for p-hydroxybenzoic acid. Data were processed using the Gilson Unipoint system and peak purity was checked by the software contrast facilities. The peaks in the chromatograms were integrated using a default baseline construction technique.
2.7. Total alkaloids 2.7.1. General
The total alkaloid contents were determined by a spectrophotometric method, in which the alkaloids were precipitated by Dragendorff's reagent, following a described procedure (Sreevidya & Mehrotra, 2003) , but using a different range of bismuth nitrate stock solution concentrations and omitting the washing step after alkaloids precipitation.
Dragendorff reagent (DR)
Bismuth nitrate (0.8 g) was dissolved in 40 ml of distilled water and 10 ml of glacial acetic acid. The resulting solution was mixed with 20 ml of 40% potassium iodide.
Calibration curve
A bismuth nitrate stock solution was prepared by dissolving 18.4 mg of bismuth nitrate in 5 ml of concentrated nitric acid and diluting to 100 ml with distilled water. A calibration curve was obtained with diluted solutions in a concentrations series of 379, 284, 213, 160, 120, 90.0, 67.5, 50.6 and 38 .0 lmol/l. One ml of each solution was taken and 5 ml of thiourea 3% were added. The absorbance of the yellow solution was measured at 435 nm. The assay was performed in triplicate. The average regression equation was y = 6.83 Â 10 À4 x.
2.7.4. Assay A stock solution of boldine was prepared by dissolving 10 mg in warm distilled water, made up to 10 ml. For mushroom extracts, ca. 0.15 g of each lyophilized material was treated in the same way.
Five ml of boldine solution/extract were taken and adjusted to pH 2-2.5 with 0.01 M HCl; 2 ml of DR were added and the precipitate formed was centrifuged at 5000 rpm for 10 min. The centrifugate was checked for complete precipitation by further addition of DR. After centrifugation, the supernatant was discarded and the residue was treated with 2 ml 1% sodium sulphide. The brownish black precipitate formed was then centrifuged at 5000 rpm for 15 min. Complete precipitation was assessed by further addition of 1% sodium sulphide. The residue was dissolved in 2 ml of concentrated nitric acid, with warming and sonication. This solution was diluted to 10 ml with distilled water; 5 ml of thiourea 3% were added to 1 ml of the resulting solution, and the absorbance was measured at 435 nm. All the assays were performed in triplicate.
The amount of bismuth present in the boldine solution/ extract was determined from the calibration curve of bismuth nitrate. The results were expressed as boldine, considering that this is a monobasic alkaloid and, therefore, the complex formed with bismuth follows a 1:1 stoichiometry.
DPPH
Á -scavenging activity
The antiradical activity of the extracts was determined spectrophotometrically in an ELX808 IU Ultra Microplate Reader (Bio-Tek Instruments, Inc.), by monitoring the disappearance of DPPH Á at 515 nm, according to a described 
Statistical analysis
The evaluation of statistical significance was determined by ANOVA, followed by Newman-Keuls test. The level of significance was set at p < 0.05 (95% statistical confidence level).
Results and discussion
Organic acids
The organic acid profile showed that all the four species contained oxalic, citric, malic and fumaric acids. Some of them also had ketoglutaric, quinic, succinic and shikimic acids (Table 2, Fig. 1) . A. rubescens presented the highest total organic acids content, followed by R. cyanoxantha, S. granulatus and B. edulis.
R. cyanoxantha showed a profile composed of oxalic, citric, malic, quinic and fumaric acids (Table 2) . Excepting sample 2, in which the entire mushroom was the material presenting the highest total organic acids amount, it seems that these compounds accumulate mainly in the cap. In quantitative profile, the different mushroom parts are similar, presenting malic and quinic acids as the major compounds. Oxalic acid was the minor one. However, some differences were observed: the cap showed a tendency for higher concentrations of citric and quinic acids, but its malic acid content was significantly smaller than that of the stipe (Fig. 2) .
In comparison with entire mushrooms, studied previously (Ribeiro et al., 2006) , we observed that the samples analyzed did not present aconitic or succinic acids, but their total organic acids were higher. These differences could be due to the origin of the orchard (the previous samples were obtained from a Castanea sativa orchard) and/or to the year of collection. In addition, the samples may correspond to different maturity stages. As observed previously, malic and quinic acids were the main compounds and the sum of their relative amounts was also similar (ca. 89% of total acids).
In A. rubescens, oxalic, citric, ketoglutaric, malic, quinic, succinic, shikimic and fumaric acids were identified (Table 2 , Fig. 1 ). It does not seem that organic acids are accumulated at a special part since, for each one of the three A. rubescens samples, the material presenting the highest organic acids contents were different: for sample 4, the cap exhibited the highest amount while for samples 5 and 6, it was the entire mushroom and the stipe, respectively. The cap had significantly higher citric acid contents than the stipe.
On the other hand, quinic acid concentrations were significantly higher in the stipe (Fig. 2) .
When comparing with the entire mushroom of a previous work (Ribeiro et al., 2006) , the organic acids profile was different because of the presence of succinic acid and the absence of aconitic and ascorbic acids in the samples now analysed. The total organic acids content was also superior to that found previously (Ribeiro et al., 2006) . The major compound was now quinic acid (Fig. 2) , instead of the pair malic plus quinic acids. The differences observed could be related to the samples' origin (the samples analyzed previously came from a C. sativa orchard), to the year of collection and/or to different developmental stages of the samples.
The analysis of S. granulatus samples allowed the identification of oxalic, citric, malic, quinic, succinic, shikimic and fumaric acids (Table 2) , and the cap had the highest contents of these compounds. The analysis of the quantitative profiles obtained made it possible to acknowledge that succinic and shikimic acids were those which appeared in lower quantities and that the major compounds differed according to the different mushroom parts (Fig. 2) : quinic acid in cap and fumaric and citric acids in stipe. Oxalic, malic and succinic acids presented important differences in their relative amounts in the different mushrooms.
In relation to the entire mushrooms analysed previously (Ribeiro et al., 2006) , some differences were noticed, mainly at a qualitative level. The present S. granulatus samples did not contain aconitic, ketoglutaric or ascorbic acids. These differences could be related to distinct developmental stages of the samples and to the fact that each mushroom is a distinct individual. Neverthless, citric and quinic acids were the major compounds and shikimic acid the minor one in the entire mushroom, as observed previously.
B. edulis presented an organic acids profile composed of oxalic, citric, malic, succinic and fumaric acids ( Table 2 ). The total organic acids was significantly higher in the cap, while stipe and entire mushrooms contained similar amounts of these compounds. These results indicate that, as in R. cyanoxantha and S. granulatus, organic acids of B. edulis species are preferably fixed in the cap. The quantitative profile (Fig. 2) showed malic acid as the major compound, whereas succinic and fumaric acids only appeared in very low amounts. Additionally, cap and stipe have a tendency to concentrate malic and citric acids, respectively.
In comparison with previous data of entire mushrooms (Ribeiro et al., 2006; Valentão et al., 2005b) , we can observe that these samples do not present aconitic, ketoglutaric or quinic acids. This could be explained by the different origin (C. sativa orchard in previous work), collection date and, eventually, by the developmental stage of the mushrooms. Once more, malic acid represented the major compound.
Phenolic compounds
The screening tests for phenolic compounds with NaOH and FeCl 3 revealed their occurrence in all of the analyzed contents of phenolic compounds. In the present study, the HPLC analysis allowed the identification of p-hydroxybenzoic acid in A. rubescens and in S. granulatus species (Table  3, Fig. 3 ). In the study with entire mushrooms of R. cyanoxantha (Ribeiro et al., 2006) , it was possible to detect vestigial amounts of p-hydroxybenzoic acid. The absence of this compound in the samples now analysed may be related to the orchard of origin, collection date and/or to the developmental stage of the samples. Additionally, it was not possible to identify any phenolic compound in B. edulis species.
In A. rubescens, p-hydroxybenzoic acid was found both in samples of entire mushroom and of cap (Table 3) . These results suggest that this compound may have a propensity to accumulate in the cap.
The analysis of S. granulatus allowed the identification of p-hydroxybenzoic acid in samples 7C (cap) and 8A (entire mushroom) ( Table 3 ). The presence of this compound in the cap of sample 7 but not in the entire mushroom could be attributed to its absence in the stipe, and, therefore, it would appear less concentrated in the entire mushroom extract. This dilution could lead to such small amounts of p-hydroxybenzoic acid in this material that it could not be detected by the present technique. On the other hand, the fact that each mushroom corresponds to a different individual cannot be excluded. This fact could also explain the presence of p-hydroxybenzoic acid in samples 8A (entire mushroom) and its absence in samples 8B (stipe) and 8C (cap). This is the first time that p-hydroxybenzoic acid is identified in S. granulatus species. In addition, quercetin, previously detected (Ribeiro et al., 2006) , was not found in this study likely due to the development of the samples.
Other phenolic compounds with absorption maxima around 260 nm were detected in all of the analyzed species, although it was not possible to identify them.
Alkaloids
The quantification of total alkaloids in the analysed samples revealed that B. edulis was clearly the species presenting significantly higher contents of these compounds. In a general way, the three remaining species showed identical amounts of these compounds (Table 4 , Fig. 4) .
B. edulis exhibited a similar tendency to accumulate alkaloids either in cap or in stipe. The behaviours of the other species were different, since they showed a tendency for higher contents of alkaloids in the cap, this being significant for R. cyanoxantha and A. rubescens. The lower alkaloid amounts found in the entire mushrooms of B. edulis and R. cyanoxantha could be due to some dilution effect and/or to the fact that each mushroom represents a distinct individual.
Antioxidant activity
The antioxidant potentials of the different mushroom materials were evaluated by their DPPH Á -scavenging effect, which appeared to be concentration-dependant (Fig. 5) . The IC 25 values and the percentage of DPPH Á -scavenging of lyophilized extract at 500 lg/ml were used to compare their antioxidant properties, since it was not possible to calculate the IC 25 for S. granulatus stipe (Table 5) .
For R. cyanoxantha species we used sample 2, for which cap was the component presenting the highest antioxidant activity, followed by the entire mushroom and the stipe (Fig. 5) . These results do not follow the total organic acids contents order (Table 2) . Neverthless, citric acid concentration was considerably higher in the cap and the stipe contained the lowest amount of this acid. These data suggest that citric acid may be important for the antioxidant capacity of the species. The alkaloids could also have a relevant role, since their total contents (Table 4) followed the same order as that of the antioxidant capacity.
A. rubescens species (sample 6) followed this order: entire mushroom > stipe ) cap (Table 5 , Fig. 5 ). Neither organic acid nor alkaloid contents followed the same order. However, the stipe had a higher organic acids content than had cap and, therefore, it may give a major contribution to the antioxidant capacity. -1B  -1C  -2A  -2B  -2C  -3A  -3B  -3C  -4A 13.6 (0.9)
Results are expressed as means (standard deviation) of three determinations. nq, not quantified.
The p-hydroxybenzoic acid may not be relevant for the antioxidant activity, since it is present in higher amounts in the cap than in the entire mushroom which displayed the weakest and strongest antioxidant effects, respectively. The same conclusion can be drawn about the role of alkaloids, which are present in similar amounts either in the cap or in the entire mushroom (Table 4) .
S. granulatus antioxidant potential (sample 8) displayed the same sequence as found for R. cyanoxantha: cap > entire mushroom > stipe (Table 5 , Fig. 5 ). This order corresponds to that of the total organic acid amounts in the sample (Table 2 ). In addition, the content of the pair, malic plus quinic acids, follows the order referred to above for the antioxidant activity, suggesting that they may be important for the antioxidant capacity of the species. The relevance of phenolic compounds could not be evaluated, since p-hydroxybenzoic acid was detected only in the entire mushroom (Table 3 ). This compound most probably does not play an essential role in the antioxidant activity of S. granulatus, as it is absent in the cap, which exhibited the highest potential. Concerning alkaloids, the results showed that the cap exhibited higher total contents and antioxidant capacity than did the stipe (Tables 4 and 5) .
To check the antioxidant potential of B. edulis species, sample 9 was assayed. The cap displayed the highest capacity, followed by the stipe and entire mushroom (Table 5 , Fig. 5 ). This order suggests that some kind of antagonism could occur between some compounds of the cap and the stipe, in order to decrease the antioxidant potential of the entire mushroom. In addition, the organic acids profile could be responsible, in part, for the antioxidant activity of B. edulis species, since organic acids total content followed the sequence observed for the antioxidant activity (Table 2) . Malic acid accumulated preferentially in the cap which presented the highest antioxidant activity. Thus, it could have an important role in this capacity.
Considering the total alkaloids contents of B. edulis and the results obtained in the DPPH Á -scavenging assay (Tables  4 and 5 ), the participation of these compounds in the antioxidant activity can be suggested, but their contribution is still not clear. In fact, the contents of both cap and stipe were similar but the antioxidative effect of the cap was higher than that of the stipe.
From an inter-specific point of view, if we compare the entire mushrooms of the different species, we can observe that B. edulis clearly presented the highest antioxidant activity, followed by S. granulatus and A. rubescens. R. cyanoxanthawas the species with the weakest capacity (Table 5) . These results are in accordance with those found previously for these species (Ribeiro et al., 2006) . Comparing the caps from the different species, the antioxidant potential sequence was B. edulis > S. granulatus > R. cyanoxantha > A. rubescens,whereas that for the stipe followed the order B. edulis > A. rubescens % S. granulatus > R. cyanoxantha. Unequivocally, B. edulis materials were the ones exhibiting higher antioxidant potential within the studied species.
It should be emphasised that organic acids, phenolic compounds and alkaloids composition is insufficient to justify the antioxidant potential of analyzed species. Other compounds must likely also participate in the observed activity.
In conclusion, from the nutritional and health protection points of view, we can say that the four species studied in this work are rich in organic acids, but phenolic compounds are present in very low amounts. Organic acids accumulate preferably in the cap. All analysed species present antioxidant potential, especially high for B. edulis, which is also the species richest in alkaloids. Except for A. rubescens, it seems that the cap is the material that most contributes to the antioxidant activity of these species. The variety of compounds and the antioxidant potential revealed by the analysed species represent an important contribution to the knowledge of wild edible mushroom species (of great consumption) and their possible beneficial effect for human health.
